This paper presents investigations into the design of a command-shaping technique for vibration control of flexible structure systems using genetic algorithms (GAs). Designing a command shaper requires a priori knowledge about the damping ratio and natural frequency of the system, which may not be available for complex flexible systems. Moreover, the amount of vibration reduction and response rise-time are usually in conflict with one another in most flexible systems due to their construction and modes of operation. Conventional methods can hardly provide a solution satisfying several objectives as demanded by a practical application due to the competing nature of these objectives. Assuming that the system parameters are unknown, GAs are used to determine the optimum amplitudes and corresponding time-locations of impulses that are convolved with the reference input to form the shaped command. A new objective function based on weighted sum approach is proposed that provides good solution within single-objective GA formulation and trades-off between these two objectives. In order to maintain and enhance diversity in the population and hence to improve search capability of the conventional GA, a new algorithm is also proposed in this work. Initially this algorithm works as a traditional GA then some individuals are replaced periodically based on shared fitness values in order to maintain diversity in the population set. A scaled and simplified version of practical helicopter is used as the experimental flexible set-up. The effectiveness of the control strategy is assessed in terms of controller performance on the test rig in vibration suppression, mainly, at dominant modes.
results showed that GA-based CSs effectively reduce vibration at the cost of long delay. Although a large amount of work has been done on CSs; both on design techniques and issues relating to practical applications, little work is reported to address the conflicting features in system's response and user's demand while designing CSs for a single-link flexible manipulator. Assuming no prior information is available about the system, this research will focus on a new design method of CSs where GA is used to trade-off among different conflicting features.
Conventional GAs are usually suitable for locating the optimum of uni-modal functions as they converge to a single solution of the search space. But in real-world optimisation problems, which are often multi-modal in nature, the conventional GA can hardly provide optimum solutions, rather they often get trapped in local minima. One of the most important factors that determines the performance of the GA, especially in multi-modal problems, is the diversity of the population [ 19] .
This paper presents a new variant of GA where a replacement policy is included based on a fitness sharing method [20] in order to maintain higher diversity in the population and hence to improve its convergence to the global solution. The proposed algorithm has been employed to design a CS for vibration control of flexible systems. A new objective function is also proposed that can provide a solution within single-objective GA formulation and trades-off between conflicting objectives, such as, speed of system response and amount of reduction in vibration. The control strategy is applied on a scaled and simplified version of a practical helicopter, namely the twin rotor multi-input multi-output system (TRMS) [21] .
The paper is organised as follows. Section 2 gives a description of the experimental setup. Genetic algorithm with fitness sharing based replacement policy is presented in Section 3. Section 4 describes the conventional command shaping technique and the proposed control strategy is presented in Section 5. Results are presented in Section 6 and Section 7 provides a conclusion to this work.
EXPERIMENTAL SET-UP
Rotary wing aerial vehicles, such as helicopters, have distinct advantages over conventional fixed wing aircraft in surveillance and inspection tasks. A scaled and simplified version of practical helicopter, namely the TRMS, as shown in Figure 1 , is often used as a laboratory platform for control experiments [21] . Due to size, cost, ease of operation and interfacing facilities with personal computer, the TRMS has attracted many researchers and is being used as an interesting 'test rig' for aerodynamic modelling and control problems [18, 22] . The TRMS consists of a beam pivoted on its base in such a way that it can rotate freely in both its horizontal and vertical planes producing two rotating movements around yaw and roll axes, respectively. The schematic diagram of experimental TRMS is shown in Figure 2 . At both ends of a beam, pivoting on its base, there are two propellers driven by DCmotors. The articulated joint allows the beam to rotate in such a way that its ends move on spherical surfaces. There is a counter-weight fixed to the beam and it determines a stable equilibrium position. The system is balanced in such a way, that when the motors are switched off, the main rotor end of the beam is lowered. The controls of the system are the motors supply voltages.
Figure 1
The twin rotor MIMO system. Figure 2 Schematic diagram of TRMS.
Although, the TRMS does not fly, in certain aspects its behaviour resembles that of a helicopter. In a typical helicopter, the aerodynamic force is controlled by changing the angle of attack of the blades. However, in the TRMS the angle of attack of the blades is fixed and the aerodynamic force is controlled by varying the speed of the motors. Therefore, the control inputs are the supply voltages of the DC motors. A change in the voltage value results in a change in the rotational speed of the propeller, which in turn results in a change in the corresponding position of the beam.
The system is interfaced with a personal computer through a data acquisition board, PCL-812PG. The measured signals are: position of the beam, that is, two position angles, and angular velocities of the rotors. Angular velocities of the beam are software reconstructed by differentiating and filtering measured position angles of the beam. The flexible motion due to asymmetrical mass distribution of the TRMS system causes structural vibration while in operation. Moreover, when the rotors move, due to aerodynamic force, the rig structure undergoes deflection along the horizontal or vertical or both directions, and it may prove difficult to track a desired trajectory. Furthermore, once the system has reached a set point, the residual vibration will degrade positioning accuracy and may cause a delay.
Figure 3
Bang-bang input and vertical Figure 4 Vertical channel response of the TRMS channel response of the TRMS (frequency domain) (time -domain)
As far as vibration control is concerned, the vertical channel poses more challenges compared to the horizontal channel due to the higher physical diameter of the main rotor and higher aerodynamic force. Moreover, when the vertical channel operates alone in the TRMS it resembles a practical helicopter in the hovering mode, which is vital for a variety of flight missions such as load delivery, air-sea rescue etc. Considering the importance of such applications, the vertical channel of the TRMS is explored in this paper. The time-domain response of the vertical channel of the TRMS due to bang-bang input signal is shown in Figure 3 . The channel undergoes a large range of oscillation at both the leading and falling edges of the input signal. Although the oscillation seems to reduce with time, it remains with lower amplitude throughout the whole period of the input signal, which is evident in the enlarged section in Figure 3 . The frequency-domain response of the vertical channel of the TRMS is shown in Figure 4 . It is noted that, only one peak appears to be dominant in the frequency-domain representation that causes the majority of the vibration while the system is in operation.
COMMAND SHAPING FOR VIBRATION CONTROL
A vibratory system cm be modelled as a superposition of second order systems each with a transfer function (1) where, ω n is me natural frequency and ζ is the damping ratio of the system. Thus, the impulse response of the system at time t is: (2) where, A and t 0 are the amplitude and time-location of the impulse, respectively. For N impulses, with ω d = the impulse response can be expressed as: 
where, and To achieve zero vibration after the last impulse, it is required that both V l and V 2 in equation (4) are independently zero. Moreover, to ensure that the shaped command input produces the same rigid-body motion as the unshaped command, it is required that the sum of amplitudes of the impulses is unity. To avoid response delay, the first impulse is selected at time t l =0. Hence, setting V l and V 2 in equation (4) to zero and . For zero vibration (ZV), the time locations and amplitudes of impulses are given as [6, 14] : (5) where, K = ω n is the natural frequency and ζ is the damping ratio of the system. For the shaping process to be effective on real systems, the shaper must have robustness to modelling errors [23] . One type of robust shaper can be obtained by requiring the derivative with respect to the frequency of the residual vibration to be equal to zero. The time locations and amplitudes of ZVD (zero vibration derivative)-based CS are as [14, 15] :
Unlike the ZV and ZVD shapers, the extra insensitive (EI) shaper does not attempt to force the vibration to zero at the modelling frequency. Rather, the vibration is limited to some low, but acceptable level of residual vibration. The time locations and amplitudes of EI-based CS are as [14, 15] :
GENETIC ALGORITHM WITH FITNESS SHARING BASED REPLACEMENT POLICY
Genetic algorithms, introduced by Holland [16] , are global, parallel, search and optimisation methods, founded on the principles of natural selection and population genetics. The performance of the GA, especially in multi-modal problems, mainly depends on the diversity of the population. Diversity refers to the average distance between individuals in a population. If the average distance between individuals is large, the diversity is high; if the average distance is small, the diversity is low. In case of lower diversity, the elements of the gene pool seem to be identical, or nearly so, and the genetic operator, such as crossover ceases to produce new individuals, and the algorithm allocates all of its trials in a very small subset of the search space which eventually leads to premature convergence to local minima [ l 9] .
The fitness sharing method has been proved to be effective to maintain population diversity by reducing the fitness of those individuals who are in the same niche and permits the investigation of many peaks in the feasible domain [20] . Moreover, they prevent the GA from being trapped in local optima of the search space.
In order to maintain and enhance diversity in the population and hence to improve the search capability of the conventional GA, a new algorithm is proposed in this section. Initially this algorithm works as a traditional GA where individuals are selected based on rescaled-objective functions for the mating pool. Then genetic operators, like crossover, mutation and reinsertion are applied to form the new population for the next generation [19] . In order to maintain diversity in the population set, some individuals are replaced periodically based on shared fitness values. The number of individuals to be replaced and the period are usually selected arbitrarily. For a multi-modal optimisation problem, such as, modelling and controller design, the number of replaceable individuals is assumed as 1/10 of the total individuals in the population set. In order to make a trade-off between rate of convergence and computational cost, a period of 10 generations appears to produce good results in the optimisation problem.
Fitness sharing
Fitness sharing lowers the fitness of each element of the population by an amount nearly equal to the number of similar individuals in the population. Typically, the shared fitness f i Ј of an individual i with fitness f i is simply [20, 24] (8) where m i is the niche count which measures the approximate number of individuals with whom the fitness f i is shared. The niche count is calculated as [20, 24] : (9) where N denotes the population size and d ij represents the distance between individuals i and j . The sharing function (sh) measures the similarity level between two elements of the population and is calculated as [24] : (10) where σ s denotes the threshold of dissimilarity (the niche radius) and α is a constant parameter which regulates the shape of the sharing function. In most applications, an α=l or 2 is used and σ s must be set right to define the niche size [12] . For phenotypic sharing, the Euclidean distance d ij between two variable vectors X (i) and X (j) can be calculated as [24] : (11) For normalised distance values [24] (12)
Algorithm statement
1. Initialisation 2. Evaluate objective function of the population 3. Apply fitness sharing based replacement mechanism after every GEN replacement number of generations to introduce more diversity in the population. This step can be elaborated in the following subtasks: a.
Calculate the shared fitness of each solution of the population b.
Sort the solutions based on shared fitness value c.
Take the first 1/10 solutions or individuals with lower shared fitness values and replace them with new randomly generated solutions as specified by the initial field descriptor d.
Evaluate these newly generated solutions and update the objective space of the whole population with corresponding objective functions of new solutions. Go back to step 2 if termination criterion is not satisfied.
A NEW APPROACH IN DESIGNING COMMAND SHAPER
Designing a conventional CS requires prior knowledge of the system. The effectiveness of a conventional CS depends on determining the amplitudes and time locations of the impulses which in turn depend on characteristic parameters of the system such as, resonance frequencies and associated damping ratios as indicated in equations (5) to (7). For higher order non-linear systems, prior knowledge of the system may not be available. Moreover, the amount of vibration reduction and response rise time are usually in conflict with one another in most flexible systems due to their construction and modes of operation. Conventional methods can hardly provide a solution satisfying several objectives as demanded by a practical application due to the competing nature of these objectives. In an attempt to overcome these constraints, a new design procedure is proposed (see Figure 5 ).
Figure 5 GA based command shaping technique for vibration control
Contrary to conventional approach and assuming that no prior information is available on resonance modes and damping ratios of the system, amplitudes and time locations are calculated based on fitness shared replacement GA in the proposed method. In the process of determining amplitudes and time locations of the impulses, the algorithm tries to minimise the objective function which is formed to achieve minimum level of vibration at the output of the system. The design procedure of CS is formulated as a minimisation problem where the proposed GA is employed to optimise the amplitudes and time locations of impulses. The error is defined as the difference between the desired response and the actual system response. For applications, such as, vibration reduction, the desired response is usually set as zero ('0') with the aim to achieve a minimum level of vibration. In this paper, only the vertical channel of the TRMS is explored.
Parameter encoding
The GA optimisation process begins with randomly generated binary codes of dimension 50×2×l6, where the numbers of individuals and parameters in each individual are 50 and 2 respectively. Each parameter is encoded as 16 bit Gray code, which is logarithmically mapped into real numbers as specified within the field descriptor [25] . The ranges of the real numbers are defined as 0.01 to +1, i.e., the randomly generated 16 bit Gray codes for each parameter falls within 0.01 to +I when converted into real numbers. The first element of each individual, assigned to K, and is used to calculate the amplitude of impulses and the next term to calculate the time locations of the corresponding impulses.
Example: Calculation of ZVD based impulses:
This example (see Figure 6 ) illustrates how amplitudes and time locations of ZVD based impulses are calculated from chromosomes. Each individual consists of randomly generated binary bits in Gray code. These binary codes are converted into real numbers within the range of 0.01 to +1. Here the first element, 0.9506 is assigned to K and the second element 0.00673 to ∆ which is converted into integer number by a conversion factor of 0.01 and rounded to the nearest integer giving 7. The values of K and ∆ are substituted in equation (6) and as a result, values of A l , A 2 , A 3 , t 2 and t 3 are obtained. Equation (6) is used with random values of K in view of maintaining the same magnitude ratios among the impulses as provided by the theoretical method. The time locations are calculated in terms of sample, which can be converted into seconds by multiplying with the sampling time (0.1 sec). The location of the first impulse A l is always assumed to be at 0 but in Matlab [26] , the first index starts with I instead of 0, so t 1 is assigned 1 in this example (see Figure  6 ). The assumption of a second order vibratory system and equation (6) are used at the end of GA optimisation process only to maintain exact ratios in the calculation of amplitudes and time locations of the impulses as followed in [14, 15] . The impulses (Figure 7) are convolved with the unshaped reference signal to form the shaped command. Similar techniques are used with equations (5) and (7) to design ZV and EI based CSs.
Figure 6
Parameter encoding 
Objective functions and convergence
To reduce vibration at vertical channel, three different types of CSs are designed using the GA, each time for a maximum generation of 200. For any evolutionary based design procedure, performance of the system largely depends on suitable selection of objective function and the objective function depends on the problem or application. Moreover, in most cases, the searching capability of the algorithm is also affected and directed by the objective function. In an evolutionary optimisation process, commonly used objective functions include sum of absolute error (SAE), sum of squared error (SSE), mean squared error (MSE), root mean squared error (RMSE) and time weighted sum of absolute error (TSAE). Command shaping in principle causes delay in system's response while it reduces system vibration and in this manner the amount of reduction in vibration and the rise time conflict one
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another. Conventional methods can hardly provide a solution satisfying such competing objectives. In order to make a trade-off between these conflicting objectives, a new objective function is proposed here, as: (13) where w 1 and w 2 are the weighting factors, T R and T S are rise-time and settling-time of the system respectively. The first part of the objective function ensures faster and smoother response whereas the second part restricts system overshoot and oscillations which in turn help the system settle quickly to the steady state level. To give equal emphasis to both terms the weighting factors, w 1 and w 2 are both set to 0.5. Thus, the proposed objective function can provide solution within singleobjective GA formulation and trade-off between these conflicting objectives. The GA optimisation process was developed with 50 individuals and run for a maximum of 200 generations to minimise the objective function, f (x), as indicated in equation (13) . The same process was repeated for three different techniques, namely (a) ZV, (b) ZVD and (c) EI and convergence curves are shown in the same objective space (see Figure 8 ) to reveal the strength of different techniques in vibration reduction. It is clearly evident that, in ZVD and EI based command shaping techniques, the optimisation process converges to a much lower value of the objective function compared to that of ZV-based technique. It is noted that, for the experimental setup, investigated here, the ZVD-based command shaping technique appears to perform better as far as the optimisation process (minimisation) is concerned. To investigate the effectiveness of the proposed objective function, a comparative study was performed where the performance of the proposed objective function was compared to other commonly use objective functions. In this process, the same algorithm was employed to design ZVD and EI based shaped commands with three different objective functions, namely, RMSE, SSE and the proposed function in equation (13) . The response (for clarity, only leading edge) of vertical channel due to shaped commands, obtained at the end of GA optimisation process is shown in Figures 9 and 10 respectively. The channel's response due to unshaped bang-bang signal is also provided in both cases. It is noted that the system response due to shaped commands designed with objective functions, RMSE and SSE overlapped with one another completely. Moreover, large oscillations are observed at the beginning in both cases which effectively cause a long delay in system's response. On the other hand, the CS based on the proposed objective function completely eliminated this initial oscillation and thus improved the system's response to a large extent. Figure 9 Response of vertical channel due to Figure l0 Response of vertical channel due to ZVD CS EI CS
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Shaped command
The shaped commands, obtained with the GA optimisation process using the proposed objective function, are shown in Figure 11 . For clarity, the leading edges of the shaped commands are shown in Figure 12 . It is evident from these figures that, the shaped commands for different shaping techniques are completely different from one another, as these are meant to deal with different levels of system vibration and robustness. 
RESULTS
Each shaped command, obtained through GA optimisation process, is considered as a reference signal and applied separately to the system as if the CS is working as a feedforward controller and the system's response is recorded. Figure 13 shows the time domain responses of the vertical channel due to unshaped bang-bang and shaped signals based on ZV, ZVD and EI techniques. For clarity, the leading edges of the system's responses are shown in Figure 14 . Compared to the system's response due to unshaped bang-bang signal, a significant amount of reduction in vibration was achieved. For ZV based CS, faster response (0.4 sec) caused higher overshoot (3.59%) and oscillation, which in turn resulted in longer settling time (5.4 sec). For ZVD based CS, the time-domain parameter, such as, overshoot, rise-time, settling-time, and steady-state error were 0.6%, 0.9 sec, 1.3 sec and 0 respectively. For EI based CS the overshoot, rise-time, settling-time and steady-state error were 1.96%, 1.0 sec, 1.6 sec and 0 respectively. The frequency-domain representation of the bang-bang input and the shaped commands are shown in Figure 15 . The frequency-domain responses of the system due to unshaped bang-bang and different shaped commands are shown in Figure 16 . For clarity, only the low-frequency region (0-2Hz) is shown to highlight the vibration reduction at the resonance mode (0.7Hz). For bang-bang input, the total energy seems to be evenly distributed throughout the band although it is higher near the DC level. On the contrary, several troughs occur in the frequency-domain representation of the shaped commands indicating a decrease in energy level at those frequencies. Most importantly, the first trough occurs exactly at 0.7Hz for ZV and ZVD-based shaped commands where the main resonance mode of the system lies. For El-based shaped command the first trough occurs at slightly above 0.7Hz. As a result, the shaped command, when applied to the system, reduces system energy at dominant mode to a large extent, which in turn reduces the system vibration significantly. It is clearly evident from Figure 16 that, for each type of shaping technique, output energy of the system with shaped command is reduced
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significantly at the dominant mode that corresponds to a huge reduction in vibration. Table I shows the time domain performance measures of the system's response and reduction of vibration at the resonance mode in dB for different shaping techniques. The reduction in vibration at the resonance mode was recorded as 22.65 dB, 44.0 dB and 31.25 dB for ZV, ZVD and El based shaping techniques respectively. The reduction in vibration was measured compared to the system response with bangbang signal as the input. This large amount of reduction in vibration clearly testifies the effectiveness of the proposed control strategy. To conduct a comparative assessment, and to allow the designer to pick a suitable solution, both time and frequency-domain performance measures of three shaping tcchniques are shown in Figure 17 . From the time and frequency domain plots and performance parameters, it is evident that, ZVD based shaping technique outperformed the other two types.
Figure 17 Performance of CSs
CONCLUSIONS
A new design method for command shaping technique based on GA optimisation process has been presented and successfully applied to a twin rotor system. Contrary to conventional design methods, this method can successfully design CSs without prior knowledge of system parameters, such as, natural frequencies and associated damping ratios. A GA with fitness sharing based replacement policy has been applied to optimise the amplitudes and time locations of impulses which are convolved with the reference input to form the shaped command.
In the proposed GA, the number of replaceable individuals is assumed as 1/10 of the total individuals in the population set. In order to make a trade-off between rate of convergence and computational cost, a period of 10 generations is suggested. Different types of objective functions have been tested but the heuristically selected weighted sum of normalised rise-time and settling-time has provided the best solution that trades-off between the conflicting objectives, such as, speed of response and amount of vibration reduction. A large amount of vibration reduction has been achieved with a satisfactory level of time domain performance measures such as, overshoot, rise-time, settling-time, and steady-state error. The results have
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clearly exhibited the effectiveness of the proposed control strategy in vibration reduction for flexible systems.
Most real-world flexible structure systems have complicated dynamics associated with multiple resonance modes and different damping ratios. Although this paper discusses design procedure of uni-modal CSs suitable for systems with one mode, the procedure can be extended to design multi-modal CSs to reduce vibration of complex systems at multiple dominant modes. A multi-modal CS consists of impulses of different amplitudes at different time locations, which are convolved with one another and then with the desired reference and then used as reference (in closed-loop) or applied to the system (in open-loop) [13, 14, 27] . GAs can be used to find/optimise the amplitudes and time locations of the impulses as reported in [9, 28, 29] . Suitable selection of objective function is vital in GA optimisation. In this work, the heuristically selected weighted sum of two competing objectives was used to reduce vibration as well as to obtain satisfactory response. The success of the approach depends on suitable selection of the weight vector, for which prior knowledge of the system is required. As an alternative, a multiobjective GA [24] cam be used to design CSs for complex flexible structure systems [28, 29] . Although multi-objective optimisation can provide a wide range of solutions that trade-off among different conflicting objectives, it requires complex algorithms and computations [24] . Finite impulse response (FIR) filters can be used to shape commands in a similar way as indicated in [2] [3] [4] but it may require more filter taps than infinite impulse response (IIR) type to achieve the same level of performance. Although different optimal filtering methods can be used to minimise the number of filter taps, information on dominant modes of the system, attenuation in passband and stopband, transition width etc. is also required. Moreover, optimal filtering methods can hardly provide solutions where several (inherently competing) design objectives are to be satisfied. Due to simplicity in the design procedure, ease of implementation and overall performance the proposed control strategy may be extended to multi-input multi-output (MIMO) systems and work is underway in that direction.
